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ABSTRACT 

Adhesion, t h e  b i n d i n g  o f  d i f f e r e n t  m a t e r i a l s  a t  an i n t e r f a c e ,  i s  o f  

genera l  i n t e r e s t  t o  many branches o f  techno logy ,  e .g . ,  m i c r o - e l e c t r o n i c s ,  

t r i b o l o g y ,  manufac tur ing ,  c o n s t r u c t i o n ,  e t c .  However, t h e r e  i s  a l a c k  o f  
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cn fundamental  unders tand ing  of such d i v e r s e  i n t e r f a c e s .  I n  a d d i t i o n ,  
r-- 

I exper imenta l  techn iques  g e n e r a l l y  have p r a c t i c a l  o b j e c t i v e s ,  such as the  

achievement o f  s u f f i c i e n t  s t r e n g t h  t o  s u s t a i n  mechanica l  or thermal  e f f e c t s  

and /o r  have t h e  proper  e l e c t r o n i c  p r o p e r t i e s .  I n  a d d i t i o n ,  t h e  t h e o r e t i c a l  

d e s c r i p t i o n  o f  b i n d i n g  a t  i n t e r f a c e s  i s  q u i t e  l i m i t e d ,  and a p roper  da ta  base 

f o r  such t h e o r e t i c a l  a n a l y s i s  does n o t  e x i s t .  

Th i s  p r e s e n t a t i o n  w i l l  r e v i e w  bo th  exper imen ta l  and t h e o r e t i c a l  aspects  

o f  adhesion i n  nonpolymer m a t e r i a l s .  The o b j e c t i v e  w i l l  be t o  d e l i n e a t e  the  

c r i t i c a l  parameters needed, gove rn ing  adhesion t e s t i n g  a l o n g  w i t h  an o u t l i n e  



o f  t e s t i n g  o b j e c t i v e s .  A d i s t i n c t i o n  w i l l  be made between p r a c t i c a l  and 

fundamental o b j e c t i v e s .  Examples w i l l  be g i v e n  where i n t e r f a c i a l  bond ing  may 

govern exper imenta l  c o n s i d e r a t i o n .  The p r e s e n t  s t a t u s  o f  t h e o r y  w i l l  be 

p resented  a long  w i t h  some recommendations for  f u t u r e  p rogress  and needs. 

INTRODUCTION 

The n a t u r e  o f  i n t e r - s u r f a c e  bonding f o r c e s  i s  of genera l  impor tance i n  

f r a c t u r e  mechanics, t r i b o l o g y ,  adhesion o f  f i l m s ,  g r a i n  boundary e n e r g i e s ,  e t c .  

The a b i l i t y  t o  de termine these f o r c e s  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  has been 

l i m i t e d .  The reasons for  these l i m i t a t i o n s  i n v o l v e  the  d i f f i c u l t i e s  b o t h  i n  

pe r fo rm ing  t h e o r e t i c a l  c a l c u l a t i o n s  and mean ing fu l  exper iments.  The i n t e r f a c e  

problem i s  f u r t h e r  comp l i ca ted  by  t h e  m a t e r i a l s  i n v o l v e d .  Cons ide r ing  me ta l s ,  

semiconductors, ceramics,  i o n i c  s o l i d s ,  and polymers,  and a l l  o f  t h e  p o s s i b l e  

combinat ions o f  these m a t e r i a l s  to  be s t u d i e d  a l o n g  w i t h  t h e  d i f f e r e n c e s  i n  

m a t e r i a l  p r o p e r t i e s  w i t h i n  a c l a s s ,  t h e  q u a n t i t y  o f  i n f o r m a t i o n  necessary  t o  

c h a r a c t e r i z e  t h e  i n t e r f a c e s  m u l t i p l i e s  r a p i d l y .  I n  t h i s  paper, we w i l l  

d i scuss  bo th  t h e  exper imenta l  and t h e o r e t i c a l  d i f f i c u l t i e s  i n  o b t a i n i n g  b a s i c  

i n f o r m a t i o n  about  bonding f o r c e s .  Some exper imenta l  r e s u l t s  which r e l a t e  

d i r e c t l y  t o  su r face  bonding and r e c e n t  c a l c u l a t i o n s  r e l a t e d  to  such f o r c e s  w i l l  

be p resented .  

CONSIDERATIONS FOR EXPERIMENTS 

Surveys o f  exper imenta l  techn iques  f o r  measur ing adhesion a r e  g i v e n  i n  

R e f s .  1 t o  3. We f i r s t  make a d i s t i n c t i o n  i n  c o n s i d e r i n g  i n t e r f a c i a l  f o r c e s  

by d e f i n i n g  two c a t e g o r i e s  des igna ted  as " p r a c t i c a l "  adhesion and " fundamenta l "  

adhesion ( R e f s .  4 and 5). By p r a c t i c a l  adhesion,  we mean t h a t  t h e  a p p l i c a t i o n  

determines the  needs; t h a t  i s ,  i n  a p r a c t i c a l  s i t u a t i o n ,  m e  may have a 

requ i rement  t h a t  an i n t e r f a c e  be a b l e  to  w i t h s t a n d  mechanical s t r e s s e s  or 

thermal c y c l i n g .  Consequently, a t e s t  must be developed r h i c h  s i m u l a t e s  t h e  
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c o n d i t i o n s  t o  be exper ienced,  and a s imp le  f a i l  r a t e  i s  t h e  p r i m a r y  

c o n s i d e r a t i o n .  The purpose i n  fundamental adhesion i s  t o  des ign  an exper iment  

which measures t h e  s t r e n g t h  o f  the  bonding f o r c e  a t  an i n t e r f a c e .  I n  Table I, 

we g i v e  some c r i t e r i a  for d e f i n i n g  the  two types of t e s t s  as d e f i n e d  by H i t c h  

( R e f .  5 ) .  To accompl ish  e i t h e r  type  measurement i s  q u i t e  comp l i ca ted ,  b u t  t o  

de termine t h e  fundamenta l  adhesion p r o p e r t i e s  i s  ex t reme ly  comp l i ca ted .  I n  

Table 11, we g i v e  a l i s t  o f  exper imenta l  techn iques  f o r  measur ing p r a c t i c a l  

adhesion.  A s  an example o f  some of the  d i f f i c u l t i e s  i n v o l v e d  i n  t h e  

measurement o f  fundamental adhesion,  we w i l l  d i scuss  a p a r t i c u l a r  t echn ique  

used i n  many fundamenta l  s t u d i e s .  I n  t h i s  techn ique ,  one loads  a f i e l d  i o n  

microscope ( F I M )  t i p  a g a i n s t  a f l a t  s u r f a c e  and then p u l l  them a p a r t  t o  measure 

t h e  bond ing  f o r c e .  

fo l low i s  s t i l l  a p p l i c a b l e  and i l l u m i n a t e s  some of t h e  d i f f i c u l t i e s  i n v o l v e d  i n  

p e r f o r m i n g  adhes ion  t e s t s .  I n  o r d e r  to  s i m p l i f y  t h e  d i s c u s s i o n ,  l e t  us assume 

t h a t  o n l y  t h e  t i p  can deform. Th is  p a r t i c u l a r  exper iment  can be though t  o f  i n  

terms of a s t r e s s - s t r a i n  d iagram i n  a t e n s i l e  t e s t  ( F i g .  1 ) .  We can see  

Other  geometr ies have been used, b u t  t h e  d i s c u s s i o n  to  

( F i g .  l ( b > )  t h a t  i f  t h e r e  i s  adhesion and e l a s t  

s t r e s s - s t r a i n  cu rve  would show a s imple Hooke's 

an a d d i t i o n a l  de fo rma t ion ,  and a n e g a t i v e  l o a d  

su r faces .  I f  t h e  adhesive bonding f o r c e  i s  s t r  

c de format ion ,  o n l y ,  t h e  

law behav io r .  Adhesion causes 

s needed t o  separa te  t h e  

nger  than  t h e  b u l k ,  t hen  

d u c t i l e  e x t e n s i o n  w i l l  occu r  be fo re  f r a c t u r e ,  and t h e  f r a c t u r e  w i l l  occu r  i n  

the  weaker o f  t h e  two m a t e r i a l s .  Consequent ly ,  t he  measured f o r c e s  a r e  a 

complex combina t ion  o f  de fo rma t ion  and bonding if s e p a r a t i o n  occu rs  a t  t he  

i n t e r f a c e .  I f  i t  does n o t  occur  a t  t he  i n t e r f a c e ,  one o b t a i n s  no q u a n t i t a t i v e  

i n f o r m a t i o n  o t h e r  than t h a t  t h e  i n t e r f a c e  was s t r o n g e r  than t h e  b u l k .  Indeed,  

even e s t a b l i s h i n g  where s e p a r a t i o n  has occu r red  i s  n o t  s imp le  and may r e q u i r e  

s u r f a c e  a n a l y s i s  t o  de termine t h i  l ocus  of f a i l u r e .  I f  we add t h e  
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c o m p l e x i t i e s ,  such as m u l t i p l e  a s p e r i t y  c o n t a c t s ,  v a r y i n g  m a t e r i a l  p r o p e r t i e s ,  

or adsorbates ,  combined w i t h  t h e  f a c t  t h a t  t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  

c o n t a c t  zone i s  n o t  un i fo rm,  we see t h a t  t h e  i n t e r p r e t a t i o n  o f  such exper iments  

i n  t e r m s  o f  " fundamenta l "  bonding fo rces  becomes r a p i d l y  more comp l i ca ted .  

Such p u l l  t e s t s ,  a p p l i e d  t o  a depos i ted  f i l m ,  s u f f e r  from many o f  t h e  same 

d i f f i c u l t i e s .  

We have seen t h a t  t h e  i n t e r p r e t a t i o n  o f  c o n t a c t  exper iments i s  

compl ica ted .  

or by bonding techn iques  such as we ld ing  s u f f e r s  from s i m i l a r  d i f f i c u l t i e s .  

I n  Table 111, we o u t l i n e  some c o n s i d e r a t i o n s  which a f f e c t  t he  i n t e r p r e t a t i o n  

o f  such exper iments .  C l e a r l y ,  t h e  range o f  c o n s i d e r a t i o n s  makes t h e  connec t ion  

to  t h e  fundamental s t r e n g t h  of t he  i n t e r f a c e  tenuous, and a l so  makes i t  

ques t ionab le  whether t h e  f i l m  s t r e n g t h  requ i rements  for  some p r a c t i c a l  

a p p l i c a t i o n s  can be a t t a i n e d .  I n  a d d i t i o n  t o  t h e  l i m i t a t i o n s  i n  t e s t i n g  

techn iques  and b u l k  p r o p e r t i e s ,  t h e r e  a r e  u n c e r t a i n t i e s  concern ing  t h e  

i n t e r f a c e .  The i n t e r f a c i a l  r e g i o n  may n o t  be sharp; i . e . ,  t h e  compos i t i on  may 

be graded. I t  may be sharp, b u t  t h e r e  may be seg rega t ion  from the  b u l k ,  e .g . ,  

g r a i n  boundary seg rega t ion .  The i n t e r f a c e  may have d e f e c t s ,  a l a t t i c e  

mismatch, or even a l a c k  o f  any long-range o r d e r .  I t  i s  p o s s i b l e  t o  have 

macroscopic d e f e c t s ,  such as vo ids .  Consequent ly ,  t h e  measurement o f  

i n t e r f a c i a l  s t r e n g t h  r e q u i r e s  a complex combina t ion  o f  t e s t  equipment, 

geometry, compos i t ion ,  b i n d i n g  f o r c e s ,  and m a t e r i a l  p r o p e r t i e s .  

De te rm ina t ion  o f  t h e  s t r e n g t h  o f  i n t e r f a c e s  formed by d e p o s i t i o n  

We now p resen t  some exper imenta l  r e s u l t s  where t h e  e f f e c t s  o f  adsorbates  

on i n t e r f a c i a l  forces have been i n v e s t i g a t e d .  I n  F i g .  2 ,  we show the  r e s u l t s  

o f  measuring t h e  adhesive ( p u l l - o f f )  f o rce  for a tungs ten  FIH t i p  i n  c o n t a c t  

w i t h  c lean  versus ox ide-covered n i c k e l  ( R e f .  6). The presence o f  t h e  o x i d e  

decreased the  adhesive force. Wheeler ( R e f .  7 )  x r f o r m e d  i n t e r f a c i a l  shear 
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exper iments ( c o e f f i c i e n t  o f  s t a t i c  f r i c t i o n )  w i t h  a sphere -on - f l a t  

c o n f i g u r a t i o n  w i t h  i r o n  and copper coup les  w i t h  a d s o r p t i o n .  

r e d u c t i o n  i n  shear s t r e n g t h  w i t h  b o t h  oxygen and c h l o r i n e  a d s o r p t i o n  ( F i g .  3). 

I n  t h i s  exper iment ,  h i s  c o n c e n t r a t i o n s  r e p r e s e n t  p a r t i a l  monolayer coverages 

r a t h e r  than o x i d e s .  

meta l  i n s u l a t o r  c o n t a c t s  ( F i g .  4 ) .  F i r s t ,  i n  c o n t a c t s  between t h e  meta l  and 

sapph i re ,  t h e  shear  s t r e n g t h  v a r i e d  w i t h  m e t a l .  N e x t ,  t h e  a d s o r p t i o n  o f  

c h l o r i n e  on t h e  me ta l ,  even a t  p a r t i a l  monolayer coverages, reduced t h e  

i n t e r f a c i a l  shear s t r e n g t h .  S u r p r i s i n g l y ,  t he  a d s o r p t i o n  oxygen on  t h e  meta l  

inc reased t h e  i n t e r f a c i a l  shear s t r e n g t h .  S i m i l a r l y ,  a s i n g l e  c r y s t a l  diamond 

su r face  which c o u l d  be mod i f i ed  by h e a t i n g  gave s i m i l a r  r e s u l t s  (Re f .  9). 

Pepper has shown t h a t  h e a t i n g  removes hydrogen, which t e r m i n a t e s  t h e  s u r f a c e  

bonds. Removal o f  t h e  hydrogen produces an i nc rease  i n  t h e  i n t e r f a c i a l  shear  

s t r e n g t h .  Rep lac ing  t h e  hydrogen a g a i n  reduces the  shear s t r e n g t h .  A more 

s i g n i f i c a n t  r e s u l t  i s  t h a t  t h e  shear s t r e n g t h  cou ld  be c o r r e l a t e d  t o  changes i n  

t h e  e l e c t r o n i c  s t r u c t u r e ,  a l t h o u g h  a d i r e c t  connec t ion  w i t h  p h y s i c a l  models has 

n o t  been made. These r e s u l t s  a re  p a r t i c u l a r l y  i m p o r t a n t .  I n  s p i t e  o f  t h e  

p rev ious  caveats  p resented  about  t h e  d i f f i c u l t y  i n  o b t a i n i n g  fundamenta l  

i n f o r m a t i o n  f r o m  exper iment ,  t h e y  show t h a t  m o d i f i c a t i o n  o f  t h e  i n t e r f a c e  w i t h  

o n l y  p a r t i a l  monolayers g i v e s  d e t e c t a b l e  changes i n  i n t e r f a c i a l  bond ing .  T h i s  

r e s u l t  t hen  g i v e s  t h e o r e t i c i a n s  a b a s i s  for model ing c a l c u l a t i o n s  based on 

bonding f o r c e s ,  w i t h  t h e  a b i l i t y  to p r e d i c t  a t  l e a s t  t r e n d s  i n  exper imen ta l  

r e s u l t s .  

He found  a 

Pepper (Re f .  8) has performed s i m i l a r  exper iments  w i t h  

A r e c e n t  development (Ref .  l o ) ,  t h e  atomic f o r c e  microscope,  enab les  t h e  

measurement o f  t h e  i n t e r f a c i a l  bonding fo rce  as a f u n c t i o n  of  s e p a r a t i o n .  The 

equipment i s  e s s e n t i a l l y  a s c a n n i n g - t u n n e l l i n g  microscope a t t a c h e d  t o  a 

" s p r i n g . "  I t  i s  n o t  u n l i k e  the  F I M  t i p  exper iments w i t h  a b i l i t y  to  measure t h e  

5 



f o r c e  b e f o r e  c o n t a c t  w i t h  h i g h  s p a t i a l  r e s o l u t i o n  ( b u l k  i n t e r p l a n a r  d i s t a n c e s ) .  

A f u r t h e r  development o f  t h i s  techn ique a l s o  p e r m i t s  mapping o f  t h e  shear f o r c e  

( R e f .  11) .  thus  p e r m i t t i n g  t h e  p o s s i b i l i t y  o f  mapping energy s u r f a c e s .  The 

f a c t  t h a t  these new techniques a l s o  g i v e  d e t a i l s  of t h e  b i n d i n g  curve--which 

w i l l  be d iscussed l a t e r - - a l s o  g i v e s  more d e t a i l e d  d a t a  for comparison w i t h  

theo ry .  

s t r e n g t h  or a change i n  t h i s  s t r e n g t h  w i t h  a d s o r p t i o n .  Th is  techn ique  a l s o  has 

some l i m i t a t i o n s ;  however, f i r s t ,  t h e  geometry i s  n o t  a f l a t - o n - f l a t  i n t e r f a c e ,  

and second, t h e r e  a r e  some m a t e r i a l  l i m i t a t i o n s .  C u r r e n t  s p e c u l a t i o n  i n d i c a t e s  

t h a t  t h e  STM t i p  c o n s i s t s  o f  one atom, or a t  most a smal l  group o f  atoms, a t  

t h e  t i p  end p a r t i c i p a t i n g  i n  t h e  i n t e r a c t i o n .  

conductors. These are relatively minor limitations, however, and the technique 

shou ld  g i v e  q u a n t i t a t i v e  da ta  for  comparison w i t h  t h e o r y .  

The o t h e r  techn iques  d iscussed g i v e  a t  b e s t  o n l y  a maximum bond ing  

The t i p  m a t e r i a l s  must be 

F i n a l l y ,  we would l i k e  t o  d i scuss  a techn ique  which can g i v e  bond ing  

i n f o r m a t i o n  on t h i n  f i l m s ,  which would be o f  more p r a c t i c a l  i n t e r e s t .  I n  t h i s  

method, developed by  Vossen ( R e f .  121, a number o f  d o t s  o f  t h e  f i l m  o f  i n t e r e s t  

a re  f i r s t  depos i ted  on a s u b s t r a t e ,  and then  the  o t h e r  s i d e  o f  t h e  s u b s t r a t e  i s  

exposed to  a p u l s e  from a l a s e r .  

o f  s u f f i c i e n t  power, causes s p a l l a t i o n  o f  t h e  f i l m .  F i g u r e  5 shows a 

c o r r e l a t i o n  between t h r e s h o l d  energy d e n s i t y  to  remove a f i l m  o f  me ta l  from an 

S i02  s u b s t r a t e  versus the  heat  o f  f o r m a t i o n  o f  the  o x i d e .  

some hope o f  g i v i n g  bond energ ies  between i n t e r f a c e s .  I t  has the  advantage o f  

be ing  n o n d e s t r u c t i v e  t o  the  coup le ,  b u t  i s  m a t e r i a l  l i m i t e d .  M a t e r i a l  

l i m i t a t i o n s  a re  secondary a t  t h i s  s tage,  s ince  i t  i s  necessary to  b u i l d  a da ta  

base from which t o  f o r m u l a t e  t h e o r e t i c a l  models. 

A shock wave c r e a t e d  by  t h e  l a s e r  p u l s e ,  i f  

Th is  techn ique  has 

A t  t h i s  p o i n t ,  t h e r e  i s  a g r e a t  need fo r  c r e a t i v i t y  i n  d e s i g n i n g  

exper iments to  genera te  fundamental i n f o r m a t i o n  about  i n t e r f a c i a l  bonding.  
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Also, t h e r e  i s  a need fo r  a r e l i a b l e  d a t a  base from which t o  f o r m u l a t e  and t e s t  

t h e o r i e s .  

THEORETICAL CONSIDERATION 

I n  t h e  p reced ing  s e c t i o n s ,  we d iscussed two types  o f  i n t e r f a c i a l  mo t ion :  

t h a t  p e r p e n d i c u l a r  t o  t h e  su r faces  ( t e n s i l e )  and l a t e r a l  mo t ion  ( s h e a r ) .  For 

t e n s i l e  f o r c e s ,  i . e . ,  s e p a r a t i o n  o f  t h e  m a t e r i a l  normal t o  a p lane ,  we expec t  

t h e  b i n d i n g  energy versus  s e p a r a t i o n  cu rve  t o  have the  shape shown i n  F i g .  6 .  

The w e l l  dep th  r e p r e s e n t s  t h e  b i n d i n g  energy;  t h i s  i s  t h e  s u r f a c e  energy  for  

p e r f e c t l y  matched, i d e n t i c a l  ha l f -spaces .  The r i s e  i n  t h e  curve  f o r  

separa t i ons  l e s s  than t h e  e q u i l i b r i u m  v a l u e  rep resen ts  compression. The 

d e r i v a t i v e  o f  t h i s  curve  i s  t h e  f o r c e  ( a c t u a l l y  t h e  t e n s i l e  s t r e s s )  necessary  

t o  separa te  the  su r faces .  The maximum i n  t h i s  curve  i s  t h e  " b r e a k i n g  f o r c e , "  

and i t  occurs  a t  t h e  i n f l e c t i o n  p o i n t  o f  t h e  b i n d i n g  energy curve .  T h i s  i s  t h e  

s i m p l e s t  r e p r e s e n t a t i o n  o f  what occu rs  e x p e r i m e n t a l l y  and can be t h o u g h t  o f  as 

a b r i t t l e  f r a c t u r e  curve .  I n  d u c t i l e  s o l i d s  i n  t e n s i o n ,  t h e r e  would be a 

" s t r e t c h i n g "  or d u c t i l e  e x t e n s i o n  b e f o r e  t h e  b r i t t l e  f r a c t u r e .  

because o f  the  c o m p l e x i t y  o f  a r e a l  t e n s i l e  t e s t ,  i t  i s  necessary t o  unders tand 

these components o f  t h e  process i n d i v i d u a l l y .  

However, 

The comparable p l o t s  f o r  t a n g e n t i a l  mo t ion  would be rep resen ted  by s l i d i n g  

one ha l f -space ove r  t h e  o t h e r  ( F i g .  7 ) .  I n  t h i s  case, we have a p o t e n t i a l  

b a r r i e r  t o  overcome, where t h e  t o p  o f  t h i s  b a r r i e r  i s  t h e  amount o f  energy  t o  

be s u p p l i e d  t o  move t o  t h i s  p o s i t i o n .  

t h i s  curve  g i v e s  t h e  maximum f o r c e  needed t o  cause s l i p  and i s  a t  t h e  

i n f l e c t i o n  p o i n t  o f  the  energy b a r r i e r  p l o t s .  

f o r c e s  a r e  p e r i o d i c  and a r e  o f t e n  rep resen ted  by p e r i o d i c  f u n c t i o n s ,  e .g . ,  t h e  

Frenke l  model (Ref .  13). Again,  i n  exper iments ,  we have a more complex 

s i t u a t i o n .  Th is  mechanism i s  c o n s e r v a t i v e ;  i . e . ,  t h e  energy needed t o  p l a c e  

Again,  t he  maximum i n  t h e  d e r i v a t i v e  of 

I n  t h i s  case, t h e  e n e r g i e s  and 
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the solid at the top of the potent a1 hill is regained in moving to the next 

symmetry position. In real processes, loss mechanisms are involved, such as 

plastic deformation or heating of the solids, giving rise to frictional forces. 

There are further complexities involved at interfaces, even for close to 

the ideal case. If the structure deviates from the perfect symmetry of a plane 

in a bulk material, then a rearrangement will occur at the interface. If we 

bring two different planes of the same material together, or even have a 

rotation in a given plane (such as a twist grain boundary), there will either 

be a relaxation to some minimum energy configuration or strains at the 

interface. Obviously, the same considerations apply for two different 

materials in contact. Note that these considerations do not even approach the 

complexities o f  a graded interface. 

Next we present some theoretical approaches to the interface problems. 

The interface poses a difficult problem for the solid-state theorist. Most 

techniques in solid-state calculations rely on the periodicity of the lattice 

to simplify the calculations (Ref. 14). This periodicity is lost at 

interfaces; consequently, special approaches are needed to handle these 

problems. The theoretical models used depend on the materials comprising the 

interface. For example, at free-electron metal interfaces, binding may not be 

localized, whereas at transition metal, semiconductor, or ceramic interfaces, 

we might expect localized bonding to be important. Pair potentials are often 

used to represent nonmetals (Ref. 15). In th 

atoms is approximated by some two-body potent 

potential, and the energetics are obtained by 

defect and summing over two-body interactions 

s method, the interaction between 

al, e.g., a Van der Waals 

establishing the geometry o f  the 

For metals, this approach is 

not sufficient, because of the mobility of the electrons which redistribute 

their positions in the vicinity of a defect. Smith and Ferrante (Ref. 16)  

a 



have es t ima ted  t h i s  e l e c t r o n  r e d i s t r i b u t i o n  c o n t r i b u t i o n  t o  t h e  g r a i n  boundary 

energy f o r  s imp le  me ta l s  and have shown i t  t o  be l a r g e  compared t o  p a i r  

p o t e n t i a l  c o n t r i b u t i o n s .  There ,are a t tempts  t o  i n c l u d e  these volume-dependent 

c o n t r i b u t i o n s  i n t o  a p a i r  p o t e n t i a l  (Ref .  17) ;  however, a q u e s t i o n  a r i s e s  

concern ing  how w e l l  these can r e p r e s e n t  comp l i ca ted  de fec t  s t r u c t u r e s .  

Another  f u l l y  quantum mechanical approach used f o r  these s i t u a t i o n s  i n v o l v e s  

Green's  Func t i on  ( R e f .  17 

approaches have been used 

semiconductors .  

F u l l y  quantum mechan 

or t i g h t - b i n d i n g  methods ( R e f s .  18 and 19 ) .  These 

r e c e n t l y  to  c a l c u l a t e  g r a i n  boundary ene rg ies  i n  

c a l  c a l c u l a t i o n s  o f  g r a i n  boundary ene rg ies  a r e  q u i t e  

complex ( R e f s .  20 t o  2 2 )  and r e q u i r e  s u b s t a n t i a l  computer t i m e .  D e f e c t s  a re  

i n c l u d e d  by c o n s t r u c t i n g  super c e l l s  u s i n g  p e r i o d i c  boundary c o n d i t i o n s .  I n  

o r d e r  t o  examine r e l a x a t i o n ,  which occu rs  i n  most de fec t  s t r u c t u r e s ,  i t  i s  

necessary to  repea t  t h e  c a l c u l a t i o n  many t i m e s  f o r  d i f f e r e n t  s t r u c t u r e s ,  i n  

o r d e r  t o  search for energy minima. 

problem. App ly ing  such techn iques  to  m o l e c u l a r  dynamics i n  o r d e r  t o  i n c l u d e  

dynamic or temperature e f f e c t s  f u r t h e r  comp l i ca tes  t h e  c a l c u l a t i o n s .  

Car and P a r r i n e l l o  ( R e f .  23)  have developed a techn ique  t o  o p t i m i z e  t h e  search 

f o r  energy  min ima,  b u t  t h e  p rocedure  s t i l l  r e m a i n s  q u i t e  c o m p l e x .  Thus, i t  

would be u s e f u l  t o  develop semi -empi r i ca l  techn iques  for c a l c u l a t i n g  d e f e c t  

e n e r g e t i c s  which have the  s i m p l i c i t y  o f  p a i r  p o t e n t i a l s  b u t  i n c l u d e  t h e  volume- 

dependent e f f e c t s .  We w i l l  address t h i s  q u e s t i o n  s h o r t l y ,  b u t  f i r s t  we w i l l  

p resen t  some c a l c u l a t i o n s  of i n t e r f a c e  or adhesion e n e r g i e s .  A c t u a l l y ,  t h e r e  

has been a p a u c i t y  o f  such c a l c u l a t i o n s .  

c a l c u l a t i o n s  of the  b i n d i n g  energy as a f u n c t i o n  o f  s e p a r a t i o n  have been those 

performed by Fe r ran te  and Smith ( R e f .  2 4 )  f o r  s imp le  meta l  c o n t a c t s .  The 

T h i s  f u r t h e r  adds to  t h e  c o m p l e x i t y  o f  t h e  

Recen t l y ,  

The o n l y  quantum mechanica l  
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c a l c u l a t i o n s  used a one-dimensional j e l l i u m  model c o r r e c t e d  f o r  t h r e e -  

d imensional  e f f e c t s .  The adhesion energy was d e f i n e d  as 

where E i s  t h e  t o t a l  energy of the  system, a i s  t h e  separa t i on  d i s t a n c e  

between t h e  su r faces  of t h e  two meta l s ,  and A i s  t h e  c r o s s - s e c t i o n a l  a rea .  

The r e s u l t s  o f  t h i s  c a l c u l a t i o n  for t h e  h i g h - d e n s i t y  su r faces  o f  a number of 

s imp le  me ta l s  i n  c o n t a c t  a r e  shown i n  F i g .  8 .  R e l a x a t i o n  was n o t  i n c l u d e d  i n  

t h i s  c a l c u l a t i o n ,  w i t h  b o t h  m a t e r i a l s  f r o z e n  a t  t h e i r  b u l k  s t r u c t u r e s .  We see 

t h a t  t he  b i n d i n g  curves  have t h e  genera l  shape expected.  The s t r e n g t h  o f  t h e  

i n t e r f a c i a l  bond was q u i t e  h i g h ,  comparable to  sur face energ ies  o f  t h e  b u l k  

m a t e r i a l s ,  and t h e  range was of t h e  o r d e r  of i n t e r p l a n a r  spacings.  

Smith, and F e r r a n t e  (Ref .  2 5 )  found t h a t  these curves sca led  ( F i g .  9 ) ;  i . e . ,  

t he  energy cou ld  be w r i t t e n  i n  a form 

Rose, 

E = A€  E* (a *>  ( 2 )  

where a* = (r - r e ) / l ,  AE i s  t h e  b i n d i n g  energy,  r e  i s  t h e  e q u i l i b r i u m  

separa t i on ,  and 1 i s  a s c a l i n g  l e n g t h  to  be d iscussed l a t e r .  E* (a *>  i s  t h e  

f u n c t i o n a l  f o r m  for  some " u n i v e r s a l "  shape of these curves .  Smi th,  Gay, 

R i c h t e r ,  and A r l i n g h a u s  (Ref .  26)  have c a l c u l a t e d  s u r f a c e  energ ies  f o r  

t r a n s i t i o n  meta l  i n t e r f a c e s  u s i n g  a f u l l y  thr-ee-dimensional model and have 

ob ta ined  good agreement w i t h  exper imenta l  sur face  energ ies .  They a l s o  

c a l c u l a t e d  the  e l e c t r o n i c  d i s t r i b u t i o n  for an i n t e r f a c e  between two t r a n s i t i o n  

meta ls .  Th i s  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  from the  s imp le  meta l  i n t e r f a c e ,  

because o f  the  l o c a l i z e d  n a t u r e  o f  the  d-bonding, and t h e r e f o r e  the  j e l l i u m  

approx imat ion  c o u l d  n o t  be used for these me ta l s .  

p l o t s  a t  t he  d i f f e r e n t  meta l  i n t e r f a c e s  showed t h e  l o c a l i z e d  n a t u r e  o f  t h e  

bondi ng. 

E l e c t r o n  d e n s i t y  d i f f e r e n c e  
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t h ,  and F e r r a n t e  ( R e f .  25)  showed t h a t  t h e  s c a l e d  r e l a t i o n  

s imp le  me ta l s  was more genera l  t han  a t  f i r s t  a n t i c i p a t e d ,  and i n  

f a c t ,  t h e  s c a l i n g  a p p l i e d  to  a w ider  c l a s s  o f  phenomena. I n  F i g .  10, we show 

t h e  r e s u l t s  o f  s c a l i n g  cohesive energ ies  fo r  a t r a n s i t i o n  me ta l ,  b i m e t a l l i c  

adhesion,  chemiso rp t i on ,  and a d i a t o m i c .  A more i m p o r t a n t  r e s u l t  i n  t h e  

p r e s e n t  d i s c u s s i o n ,  however, i s  t h a t  t h e  cohes ive  energ ies  o f  me ta l s  s c a l e .  

The s c a l i n g  l e n g t h  s e l e c t e d  f o r  a l l  o f  these cases i s  g i v e n  by 

Q =  
r e 

i . e . ,  t h e  square root o f  the  e q u i l i b r i u m  b i n d i n g  energy d i v i d e d  by t h e  second 

d e r i v a t i v e  o f  t h e  b i n d i n g  energy w i t h  s e p a r a t i o n  eva lua ted  a t  t h e  e q u i - l i b r i u m  

p o s i t i o n .  T h i s  p a r t i c u l a r - - b u t  n o t  necessary-- form for  t h e  l e n g t h  s c a l i n g  i s  

conven ien t ,  s i n c e  t h e  second d e r i v a t i v e  can be r e l a t e d  t o  e x p e r i m e n t a l l y  

measurable p r o p e r t i e s ,  such as t h e  b u l k  modulus f o r  s o l i d s .  

These r e s u l t s  l e a d  us f i n a l l y  t o  t h e  d i s c u s s i o n  of t h e  semi -emp i r i ca l  

techn iques  needed to  model i n t e r f a c e s  and d e f e c t s .  The f irst techn ique  i s  t he  

embedded atom method o f  Foi les,  Daw, and Baskes ( R e f .  261, based on t h e  

e f f e c t i v e  medium t h e o r y  o f  Norskov and Lang (Ref .  27)  or t h e  quasi -a tom method 

of S to t t  and Zaremba ( R e f .  28) .  I n  t h i s  p rocedure ,  t h e  energy r e q u i r e d  to  

embed an i o n  i n  a j e l l i u m  i s  cons idered.  The t o t a l  energy i s  w r i t t e n  i n  t h e  

form 

E = F(n> + Z A ( R > Z B ( R > / R  ( 3 )  

where F(n)  i s  c a l l e d  t h e  embedding energy where n i s  t h e  e l e c t r o n  d e n s i t y ,  

and t h e  second te rm rep resen ts  t h e  p a i r  r e p u l s i o n  between i o n  co res  wbere 

Z ( R )  = Z o ( l  + ORV> exp (-aR), Z i s  a n u c l e a r  charge,  R i s  t h e  i n t e r - i o n  

d i s t a n c e ,  and l3, V, and c a re  determined from f i t t i n g  t o  e x p e r i w ? : t .  I n  i t s  

l ?  



m o s t  r e c e n t  form, t h e  " u n i v e r s a l "  b i n d i n g  energy r e l a t i o n  of Rose, Smith, and 

Fe r ran te  i s  used t o  de f ine  t h e  embedding energy for t h e  cohesive energy case.  

The e l e c t r o n  d e n s i t y  i s  o b t a i n e d  from o v e r l a p p i n g  a tomic  d e n s i t i e s .  Once t h e  

embedding f u n c t i o n  i s  ob ta ined ,  i t  i s  a p p l i e d  t o  a de fec t ,  such as a s u r f a c e ,  

by o v e r l a p p i n g  the  atomic d e n s i t i e s  and u s i n g  t h e  embedding f u n c t i o n  for t h e  

g i v e n  m a t e r i a l ,  a long  w i t h  t h e  p a i r  r e p u l s i o n  term,  t o  o b t a i n  t h e  energy w i t h  a 

de fec t .  The parameters i n  the  e q u a t i o n  a re  o b t a i n e d  from f i t s  to  exper iment ,  

such as vacancy energ ies  or shear s t r e n g t h .  The p r e s e n t  au thors  have a p p l i e d  

these techn iques  t o  t h e  adhesion between t h r e e  p lanes  o f  N i  ( F i g .  1 1 )  and f o r  

s l i p  on  two p lanes  o f  N i  ( F i g .  12 ) .  The r e s u l t s  g i v e  t h e  c o r r e c t  t r e n d s  and 

shapes for  t h e  energy curves i n  b o t h  cases. 

a p p l i e d  t o  a l a r g e  number of de fec ts  and have been extended t o  i n c l u d e  a l l o y s  

and nonmetals. I t  i s  s u b s t a n t i a l l y  s i m p l e r  t han  t h e  s o l i d - s t a t e  techn iques  

desc r ibed  e a r l i e r .  

The methods have been s u c c e s s f u l l y  

The n e x t  method we w ish  to  d e s c r i b e  i s  t h e  e q u i v a l e n t  c r y s t a l  method o f  

Smi th and Baner jea  ( R e f s .  29 and 301. T h i s  techn ique a l s o  uses t h e  u n i v e r s a l  

b i n d i n g  energy r e l a t i o n s .  I n  t h i s  techn ique,  an i o n  i n  a d e f e c t  i s  rep resen ted  

by a p o s i t i o n  i n  a p e r f e c t  c r y s t a l  w i t h  a s t r u c t u r e  t h e  same as b u l k  m a t e r i a l .  

P e r t u r b a t i o n  t h e o r y  i s  a p p l i e d  t o  t h e  d i f f e r e n c e  between the  i o n  i n  t h e  d e f e c t  

and t h e  i o n  i n  t h e  e q u i v a l e n t  c r y s t a l ,  g i v i n g  

E = A E  E*(a*>  + E1  + E 2  + E3 + . . . (5) 

where the  f i rs t  te rm rep resen ts  t h e  energy o f  t h e  atom i n  the  c r y s t a l ,  and t h e  

r e s t  o f  the  t e r m s  r e p r e s e n t  the  d i f f e rence  i n  i o n  co re - ion  core  i n t e r a c t i o n ,  

va lence e l e c t r o n  k i n e t i c  energy,  va lence e l e c t r o n - i o n  core  i n t e r a c t i o n ,  and 

va lence e lec t ron -va lence  e l e c t r o n  i n t e r a c t i o n  between t h e  c r y s t a l  and t h e  

s o l i d  w i t h  d e f e c t s .  

( R e f .  14) used i n  d e f i n i n g  the  d i s t a n c e  i n  a* t o  make the  h i g h e r  o r d e r  t e r m s  

The problem i s  so l ved  by p i c k i n g  the  Wigner-Sei tz  r a d i u s  
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i n  t h e  p e r t u r b a t i o n  expansion d isappear .  Wi th  t h i s  accompl ished,  o n l y  t h e  

f i r s t  s imp le  te rm need be eva lua ted .  

s i m p l i f i c a t i o n  o v e r  quantum mechanical  models. I n  Table I V ,  we show a 

comparison between t h e  p r e d i c t i o n s  of s u r f a c e  energ ies  f o r  t h i s  c a l c u l a t i o n ,  

f u l l y  th ree-d imens iona l  quantum mechanica l  c a l c u l a t i o n s ,  exper iment ,  and t h e  

embedded atom method. 

mechanical  models.  We no te  t h a t  exper imenta l  s u r f a c e  energ ies  a r e  ex t reme ly  

d i f f i c u l t  t o  measure and a r e  good to  o n l y  *20 p e r c e n t  a t  b e s t .  

Baner jea  (Ref .  30) have a l t e r e d  t h e  model s l i g h t l y  to  i n c l u d e  a bond 

compression te rm i n  o r d e r  to  i n c l u d e  s u r f a c e  r e l a x a t i o n .  

r e s u l t s  o f  comparison o f  t h i s  method w i t h  exper iment .  

p a r t i c u l a r l y  impress i ve ,  s i n c e  they  r e p r e s e n t  smal l  energy d i f f e r e n c e s .  These 

a r e  v e r y  d i f f i c u l t  t o  o b t a i n  a c c u r a t e l y  from t h e  quantum mechanica l  

c a l c u l a t i o n s .  I t  i s  necessary to  ex tend t h i s  method t o  a w ide r  c l a s s  o f  

m a t e r i a l s .  T h i s  e x t e n s i o n  and a p p l i c a t i o n  t o  a number o f  d e f e c t s  i s  i n  

p rog ress  (Ref.  31) .  We p o i n t  o u t  t h a t  t h e  f u l l y  quantum mechanica l  

c a l c u l a t i o n s  a r e  s t i l l  needed, s i n c e  many p r o p e r t i e s  cannot  be c a l c u l a t e d  w i t h  

t h e  semi -empi r i ca l  methods and a l s o  as a t e s t  o f  t h e  semi -empi r i ca l  methods. 

Both t h i s  method, and t h e  embedded atom method, a r e  s imp le  enough t o  t r e a t  

r e l a x a t i o n  problems.  

T h i s  approach a l s o  r e p r e s e n t s  a g r e a t  

We see remarkable agreement w i t h  t h e  f u l l y  quantum 

Smi th  and 

Table V p r e s e n t s  t h e  

These r e s u l t s  a r e  

I n  summary, a l t h o u g h  exper imenta l  measurements which r e v e a l  fundamenta l  

i n f o r m a t i o n  about  bond ing  a t  i n t e r f a c e s  remains d i f f i c u l t ,  t h e o r y  has made 

c o n s i d e r a b l e  p rog ress .  Both  f u l l y  quantum mechanical  c a l c u l a t i o n s  and s e m i -  

e m p i r i c a l  qethods a r e  now s u c c e s s f u l l y  b e i n g  a p p l i e d  t o  i n t e r f a c e  and d e f e c t  

e n e r g e t i c  problems s u c c e s s f u l l y .  The new, semi -empi r i ca l  techn iques  a r e  

s imp le  enough t o  be used by  n o n s p e c i a l i s t s  i n  quantum t h e o r y  c a l c u l a t i o n s .  

accuracy  o f  t h e  p r e d i c t i o n  by t h e  e q u i v a l e n t  c r y s t a l  method g i v e s  hope t h a t  

The 
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s u b s t a n t i a l  p rog ress  w i l l  be made i n  p r e d i c t i o n  o f  i n t e r f a c e  and d e f e c t  

ene rg ies .  P o s s i b l y  these r e s u l t s  w i l l  se rve  us and a i d  e x p e r i m e n t a l i s t s  i n  

s o r t i n g  out t h e  many f a c t o r s  w i t h  which t h e y  must dea l .  
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TABLE I .  - ADHESION TESTS [SI 

Fundamental 

Use fu l  ove r  a wide range o f  m a t e r i a l s .  

Q u a n t i t a t i v e ,  r e p r o d u c i b l e  over  a wide range 

Not i n f l u e n c e d  by o t h e r  m a t e r i a l  parameters.  

Allows d i r e c t  measurement o f  adhesion s t reng ths  

o f  adhesion s t reng ths  

as d i s t i n c t  from o t h e r  parameters.  

P r a c t i c a l  Adhesion Tests 

Q u a l i t a t i v e  or th reshho ld  tes ts - -no t  designed 
t o  q u a n t i f y  adhesion s t r e n g t h .  
s e t  bounds on whether adhesion i s  g r e a t e r  than 
some o f t e n  i l l - d e f i n e d  l i m i t i n g  s t reng th .  

J u s t  designed t o  

Q u a n t i t a t i v e  t e s t s - - q u a n t i t a t i v e  b u t  n o t  i d e a l  
va lues  for  adhesive s t r e n g t h  a re  ob ta ined,  b u t  
w i t h  t h e  purpose o f  s a t i s f y i n g  some known 
eng ineer ing  bound on the  s t r e n g t h .  

TABLE 11. - ENGINEERING TECHNIQUES FOR MEASURING ADHESION [Re f .  321 

Met hod 

Bend i ng 
Squashing 
Abras ion  
Hea t ing  and quenching 

S c r a t c h i n g  

Hammeri ng 
I n d e n t a t i o n  

P u l l  i n g  

Peel i ng 

D e c e l e r a t i o n  

E lec t romagnet ic  

Shock wave 
B l i s t e r i n g  

Pr  i nc i p l  e 

Subs t ra te  bent  o r  t w i s t e d  u n t i l  f i l m  removed 
Subs t ra te  squashed u n t i l  f i l m  removed 
B u r n i s h i n g  or ab ras ion  o f  su r face  t o  remove f i l m  
Hea t ing  and sudden quenching w i l l  cause f i l m  to 

be removed because of s t resses  developed by 
thermal expansion and c o n t r a c t i o n  

F i l m  sc ra tches  th rough by probe. A l t e r n a t i v e l y  
p a r a l l e l  grooves c u t  i n t o  t h e  f i l m  w i t h  
decreas ing  separa t i on  u n t i l  i n t e r v e n i n g  
m a t e r i a l  l i f t s  from s u b s t r a t e  

Hammering breaks up and removes f i l m  
Subs t ra te  indented  from s i d e  oppos i te  t o  f i l m .  

Coat ing  examined for  c r a c k i n g  or f l a k i n g  o f f  a t  
va r ious  stages o f  i n d e n t  f o rma t ion  

F i l m  p u l l e d  o f f  d i r e c t l y  i f  i t  i s  t h i c k  enough. 
I f  no t ,  back ing  a t tached  us ing :  

So lder  
Adhesives 
E l e c t r o f o r m i n g  

Adhesive tape 
E l e c t r o p l a t e d  c o a t i n g  

d e c e l e r a t i o n ,  which removes the  f i l m .  Var ious  
exper imenta l  arrangements a re  p o s s i b l e :  

F i l m  pee led  o f f  u s i n g  a back ing  o f :  

The f i l m  and s u b s t r a t e  a r e  s u b j e c t  t o  v i o l e n t  

Coated b u l l e t  stopped by s t e e l  p l a t e  
U l t r a c e n t r i f u g e  
U1 t r a s o n i c  v i  b r a t i o n  

App ly ing  a f o r c e  t o  a conduct ing  f i l m  by a 
f o r c e  

P u l s i n g  the  backface of  a specimen w i t h  a l a s e r  
F i l m  depos i ted  so t h a t  no  adhesion e x i s t s  over  a 

p a r t i c u l a r  a rea .  A i r  i s  then in t roduced  i n t o  
t h i s  a rea  and t h e  pressure  a t  which f i l m  s t a r t  
t o  l i f t  f rom the  edge o f  t he  area  o f  no 
adhesion i s  measured 

x E 
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TABLE 111. - FACTORS AFFECTING ADHESION MEASUREMENTS 

Adhesive S t reng th  Depends 

Geometry 

D i f f e r e n t  t e s t s  cause nonun i fo rm s t r e s s  

D i s c o n t i n u i t i e s  i n  shape o r  m a t e r i a l  can 
d i s t r i b u t i o n s ,  e.g., peel  t e s t s .  

a c t  as s t r e s s  r a i s e r s .  Sur face  roughness 
inc reases  su r face  area  and a p p l i e d  fo rces  
a re  n o t  n e c e s s a r i l y  normal t o  the  surfaces. 

Test Mac h i  ne 

Stored  s t resses  i n  apparatus can a f f e c t  
r e s u l t s ,  for  example, by c o n t i n u i n g  t o  
cause f r a c t u r e  or p e e l i n g .  

Mechanical p r o p e r t i e s  of  t h e  adherend or g lue  

Mechanical P r o p e r t i e s  of  the  couples:  for  example, 

Temperature 

S t r a i n  r a t e  

I n s t r i n s i c  s t r e s s  i n  depos i ted  f i l m  a r e  s u f f i c i e n t  

hardness, d u c t i l i t y  

t o  cause de lamina t ion .  

De fec t  S t r u c t u r e  

Locus o f  f a i l u r e  
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TABLE I V .  - SURFACE ENERGIES FOR SOME SELECTED METALS 

[ I n  e r g  - cm-2.1 

Element 

A 1  

N i  

c u  

A9 

Fe 

W 

C r y s t a l  
face  

( 1 1 1 )  
PO1 Y 
(100)  
( 1  10) 

( 1 1 1 )  
PO1 Y 
(100) 
(110) 

(111) 
PO1 Y 
(100) 
(110) 

( 1 1 1 )  
PO1 Y 
(100) 
(110) 

(110) 

(100) 

(110) 
PO1 Y 
(100) 

PO1 Y 

iz&F Theory 

920 

1280 
1310 

2 400 

31 20 
2 980 

1830 

2 380 
2270 

1270 

1630 
1540 

1810 

3490 

3330 

5880 

---- 

---- 

---- 

---- 

-__- 

___- 

I 

CS.M. F o i l e s  e t  a l . ,  Phys. Rev. 8 33, 7983 (1986). 
dJ.G. Gay e t  a l . ,  J .  Vac. S c i .  Technol. A 2 ,  931 (1984). 
eJ.A. Appelbaum and D.R. Hamann, S o l i d  S t a t e  Commun. 27,  881 (1978). 
fH.W. F i n n i s  and J .E .  S i n c l a i r ,  P h i l .  Mag. A 50, 45 (1984). 
9C.L. Fu e t  a l . ,  Phys. Rev. 8 31, 1168 (1985). 
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TABLE V.  - PERCENTAGE CHANGES I N  INTERLAYER SPACINGS DUE TO RELAXATION 

Ni (110)  

Surface Adn,n+l 

Ad12 

Ad23 

-6.8 

3.2 

I 

-2.30 

.08 

Theory 

Percent  Percent  --I- [Ref. 301 

EAMa , 

-8.7kO. 5 
-4.8*1.7 

3 .0 i0 .6  
2.4*1.2 

-8.6k0.8 Leedb 
- 8 . 5 i l  .O LeedC 

5.0i1.1 Leedb 
5.5*1.1 LeedC 

-1 .6k l .2  Leedb 
2.2k1.3 LeedC 
0.1k1.3 Leedb 
1 .6 i1 .6  Leedc 

Leedd 
I o n  s c a t t e r i n g e  

Leedd 
I o n  s c a t t e r i n g e  

5 . M .  F o i l e s  e t  a l . .  Phys. Rev. B 33, 7983 (1986).  
bJ.N. Andersen e t  a l . .  J. Phys. C: S o l i d  S t a t e  Phys. 17, 173 (1984) 
CJ.R. Noonan and H.L.  Dav is ,  Phys. Rev. B 29, 4349 (1984). 
dD.L. Adams e t  a l . ,  J .  Phys. C: 
eR. Feidenhansl  e t  a t . ,  Surf.  S c i .  134. 329 (1983).  

S o l i d  S t a t e  Phys. 18, 1753 (1985) .  
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TABLE V.  - Conc luded.  

S u r f a c e  Adn,n+l  Theory  E x p e r i m e n t ,  
- P e r c e n t  

ECM , EAMa, 
P e r c e n t  P e r c e n t  

[ R e f .  301 

Technique 

Cu(100)  

C u ( l l 0 )  

Ad12 

Ad23 

Ad12 -6.5 -4 .9 -8 .550.6 
-5.352.4 

Ad2 3 2.7 .2 2.35.8 

-3.5 

1.6 

1 3.351.5 

-1.4 -2.151.7 

-.3 0 . 4 5 i 1 . 7  
-1 .15.4 

1.7i.6 

Leed9 
Leedh 
Leedg 
Leedh 

LeedP 
I o n  s c a t t e r i n g !  

LeedP 
I o n  s c a t t e r i n g i  

--------------- 
--__----__-_-__ 

S . A .  L i n d g r e n  e t  a l . ,  Phys. Rev. B 29, 576 (1984) .  
gR. Mayer e t  a l . ,  Phys. Rev. B 35. 3102 (1987) .  
hH.L.  D a v i s  and J.R. Noonan, Surf. S c i .  126, 245 (1983) .  
i D . L .  A d a m  e t  a l . ,  Phys. Rev. L e t t .  49, 669 ( 1 9 8 2 ) .  
J Y .  Kuk and L.C. Feldman, Phys.  Rev. B 30, 5811 (1984) .  
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REAL STRAIN 

(A) TYPICAL STRESS-STRAIN DIAGRAM. 

rn rn 
3 
n 
rn I- I WITHOUT 

ADHESIOy7 
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;TI LE 

2 1 
x ,/--x /? 

,/’ x 

L ADD IT I ONAL 
/ ’ SEPARATION <-&IN - 
DEFORMATION DUE 
TO SURFACE FORCES 

(B) LOADING AND UNLOADING 
WITH ADHESION (IDALIZED 

FIGURE 1. - STRESS-STRAIN 
TEST. 

STRESS-STRAIN CURVES 
S I NGLE CONTACT 1 . 
DIAGRAM FOR A TENSILE 



0 BEFORE OXIDE PENETRATION 
0 AFTER OXIDE PENETRATION 

--- TYPICAL OF CLEAN SURFACE 

0 

8 

O D  
lo1 102 103 1 o4 10 

LOAD, pM 

FIGURE 2. - ADHESION VERSUS LOAD WITH AN 
OXIDE FILM PRESENT FOR A TUNGSTEN FIELD 
EMISSION T I P  ON A CLEAN AND OXIDIZED 
NICKEL, (FROM REF. 6 . )  
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. o  

CHLORINE ON COPPER 
CHLORINE ON IRON 
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OXYGEN ON STEEL 
OXYGEN ON COPPER 

(MINIMUM P S I  

BOTH SURFACES 
[Dm COVERED 

I I I 
0 .2 .4 .6 .8 1 .o 

C' 

F IGURE 3. - EFFECTS OF OXYGEN AND CHLOR- 
I N E  ADSORPTION ON S T A T I C  F R I C T I O N  FOR 
A NETAL-NETAL CONTACT AS A FUNCTION 
OF ADSORPTION COVERAGE. REF. 7. 
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FIGURE 4, - SHEAR COEFFICIENT OF CLEAN. 
CHLORINATED AND OXYGENATED METALS I N  
CONTACT WITH CLEAN (0001) SAPPHIRE 
REF. 8. 
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(v 150 F 1.6 MM THICK 

p 2 125 sio2 SUBSTRATE T i  ++AI 
n 5  
1' 

v, 
'00 t- 

I - 

25 n I - 
40 0 -100 
L -200 -300 

FREE ENERGY OF OXIDE FORMATION, 
KCAL/MOLE 

FIGURE 5. - SPALLATION THRESHOLD 
FOR VARIOUS METAL FILMS DEPOS- 
ITED ON FUSED SILICA SUBSTRATES. 
ENERGY DENSITY I S  THAT WHICH I S  
INCIDENT ON THE BACK SIDE OF THE 
SUBSTRATE, NOT ENERGY DENSITY AT 
INTERFACE, REF. 12. 

(A) ENERGY VERSUS SEPARATION. 

(B) FORCE VERSUS SEPARATION. 
FIGURE 6 .  - EXAMPLE OF BINDING ENERGY CURVE. 
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/ 

INFLECTION POINT 

( A >  ENERGY VERSUS DISPLACEMENT. 

(B) FORCE VERSUS DISPLACEMENT. 
FIGURE 7.  - EXAMPLE OF ENERGY BARRIER TO SLIP. 
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FIGURE 11. - SURFACE ENERGY AS A 
FUNCTION OF SEPARATION FOR 3 
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